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ARTICLE
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In several families with non-specific X-linked mental retardation (XLMR) linkage analyses have assigned the 
underlying gene defect to the pericentromeric region of the X chromosome, but none of these genes have been 
isolated so far. Here, we report on the cloning and characterization of a novel gene, DXS6673E, that maps to 
Xq13.1, is subject to X-inactivation and is disrupted in the 5' untranslated region by a balanced X;13 translocation 
in a mentally retarded female. The DXS6673E gene is highly conserved among vertebrates and its expression is 
most abundant in brain. It encodes a hydrophilic protein of 1358 amino acids (aa) that does not show sequence 
homology to other known proteins. A segment of this protein consisting of neutral and hydrophobic aa with a 
proline residue in every second position may represent a transmembrane domain. Almost complete sequence 
identity was found between the 3' end of the DXS6673E gene and two expressed sequence tags (ESTs) and 
between the 5' end of the DXS6673E gene and a third EST. Moreover, weaker sequence similarity was observed 
between coding regions and two other ESTs.
INTRODUCTION
It has long been recognized that the X chromosome contributes 
disproportionally to the total number of loci that are involved in 
mental retardation (MR). Population studies have revealed that 
the prevalence of X-linked mental retardation (XLMR) in males 
varies from 1:300 to about 1:500 and have suggested that 
X-linked genes account for approximately 20-50% of all cases 
with MR. On the basis of data it has been estimated that at least 
seven to 19 X chromosomal genes play a major part in MR (1-5). 
Recently, several gene defects underlying specific forms of 
XLMR were identified, such as the fragile X syndrome (FraXA), 
MASA syndrome (mental retardation, aphasia, shuffling gait and 
adducted thumbs) and mental retardation/a-thaiassaemia (ATR- 
X) syndrome (6-9). In contrast to these disorders with specific 
recognizable phenotypes or karyotypes, there are many forms of 
non-specific XLMR without additional clinical features. So far, 
the genetic heterogeneity of non-specific XLMR has prevented 
its molecular elucidation and for the majority of cases with this 
condition, neither carrier detection nor early diagnosis is possible.
Linkage analyses in individual families have revealed that there 
are at least six genes on the X chromosome that play a part in 
non-specific XLMR (10,11). For all of these genes however,
linkage intervals are still too wide to allow reliable genetic 
counselling and the identification of causative gene defects by 
positional cloning. Cytogenetically recognizable chromosomal 
rearrangements such as X-autosome translocations have greatly 
facilitated the positional cloning of disease-associated gene 
defects (12). Balanced X-autosome translocations and inversions 
have also been described in several patients with MR (13-16) and 
the characterization of the relevant breakpoint regions on the X 
chromosome is therefore a promising strategy to identify 
candidate genes for XLMR.
Here, we report on the identification and characterization of an 
X chromosomal gene, DXS6673E, that is disrupted by a balanced 
X;13 translocation involving the Xql3.1 band in a mentally 
retarded female. Apart from mental retardation, scoliosis and 
spotty abdominal hypopigmentation are the only other conspicu­
ous clinical features in this patient (15,17).
RESULTS
Identification of a YAC that recognizes the X 
chromosomal breakpoint
A hybrid cell line containing the derivative chromosome 13 as its 
only human X-chromosomal component (17) was used to
*To whom correspondence should be addressed at: Max-Planck-Institut für Molekulare Genetik, Ihnestraße 73, D-14195 Berlin-Dahlem, Germany 
+Present address: Department of Medical Genetics, University of Helsinki, Helsinki, Finland
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Figure 3. Genomic and cDNA structure of the DXS6673E gene spanning the X-chromosomal breakpoint. The DXS6673E gene is located in three adjacent £a;RI 
fragments of 6, 10 and 6 kb. It consists of 25 exons of which exon l A and IB encode two alternative splice variants, The open reading frame is indicated with black 
boxes. Primers used for RT-PCR analyses are indicated with small arrows beneath the exons. The breakpoint is disrupting exon 1A as indicated with a dotted line. 
Four cDNA clones (50:09, 50:11, 50:17 and 50:33) representing the entire gene are indicated with bold lines at the bottom of the figure. The position of a highly 
polymorphic (GA)f,CATA(GA)20 repeat in exon 1A is indicated with a dotted line. The identity between three ESTs and the DXS6673E gene, as well as the CpG island, 
is indicated with double arrowheads while the putative transmembrane domain is shown with a wavy line. The position of £a.>RI, BamHI, HindUl and PvulI restriction 
sites in the cDNA are indicated on a bar at the bottom of the figure.
Table 1. Splice sites of the DXS6673E gene
Exon Splice donor site11 Consensus*3 Splice acceptor sitea Consensusb Position1-' Exon size
1A RT-PCR CTTGAGCCAG gtaagg 65% 693
1A cDNA 50:11 --------- AGGGGAGCAG gtgcgt 85% 706
IB --------- CTGGCCGCAG £tgggg 81%
jL* ctcctaatctgcag. TACATATCCA 86% TCCTTGCCAG gtaggt 89% 1392 686 bp
3 tgcttcctttgcag GAGATGGCCT 91% GCCTGAA CGG gtgagg 84% 1436 44 bp
4 tttccgaggtacag. AAGAGAAGCG 81% ACTGAGAGCA gtaagt 79% 1503 67 bp
5 ccccactttctcag TTCCAGTGTC 83% TCTGCAAGAA gtgcgt 73% 1798 295 bp
6 gttcccacctctag GGAGATCTGG 84% GACTGGAGAG gtgagg 92% 1976 178 bp
7 tatgtgtgtggcag GTCCTGCACG 827<? GTACAAGAAG gtgggg 81% 2195 219 bp
8 ccccatcctcacag AAAAACACAC 87% GGGCTCACTG gtaggt 81% 2346 151 bp
9 tctctatgccccag GCCCTCCCCG 93% CAAGTTCCAG gtactc 68% 2462 116 bp
10 ttccttccctccag CGCACAAGCC 90% GGACTGGCAG giaaga 94% 2549 87 bp
11 tgtccccacctcag GACCAAGTGT 92% TGCAGCGAAG glaagg 95% 2700 151 bp
12 tctcctctttccafi GCTGTGTGCT 96% GTACTGCAAG gtaagg 95% 2873 173 bp
13 Utgacatcctcag CTGCCCGGTG 83% CTCCTGAACA gtgagt 76% 3039 166 bp
14 gttttgatctacag GTCAGTCTCC 94% CAGCAACACA gtgagg 72% 3101 62 bp
15 ctctgtctttgcyg ATCCCTGTGA 92% AGTCAAACAG gtgagc 91% 3261 160 bp
16 tttcttatccacag AAGAGTGGAA 93% GCCTATCCCG gtgagt 89% 3374 113 bp
17 attcgtgcctccag GTGCCTGTGC 89% GACCTTTGTG gtatgc 75% 3549 175 bp
18 tctctgcttcccag ATCTTGTGAG 92% TTCCCTAAGA gigagt 97% 3696 147 bp
19 ttccccttcattag ATCCTCTGGA 79% CATGAGGAAG gtaggg 85% 3800 104 bp
20 ctcttcccctccag GGTCAAAAGC 95% CGCTTTGGCC gtaagt 78% 3969 169 bp
21 acatatcactgcag CCAAACCCAT 78% CATCCAGCAG gtacct 74% 412! 152 bp
22 ttttctttccccag TACTTGCTGG 91% CTCCCCAACA gtaagg 75% 4236 125 bp
23 cttgaccattgtâg ATACGGTGTT 76% AAAGGGCGAG gtacga 83% 4491 255 bp
24 tccctcccctatag. ACACGGGTCC 81% TCTCAAAATG gtgagt 89% 4609 128 bp
25 ccccgatgttgcag TCCTGAAAGC 78% 6092 1483 bp
aLower case letters indicate intron sequences, upper case are exon sequences.
hThe percentage similarity to splice consensus sequences was calculated according to Shapiro and Senapathy (23). 
cPosition as calculated from variant 1A (accession number X95808).
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---------------736 ---------------►
. . . gcgagaagagagagaCAGACAAGGACAGAAAGGGGGCTGGAGGAGAAAGAGAGAGAGAGATACAGAGAGAGAGAGAGA
^------------- 737  -----------------
GAGAGAGAGAGAGAGAGAGAGAGAGATCAGCCCTGGTGAGGGAGGAAAACTCCATAGATAATACAGGGAGCTCCTGCAGGA
AGACTCAGGGAGAAGATCCCAGAACTTACCCTAAGACTGTTGAGAGAGTAGGGGGTAGCTTTGCAGGACCTGGTTTGGGGG
--------------- 9 0 0 --------------- ►
TCATCAAGCAGTAACGGTTACTGCACAGGCGTTGCCACTGAGCCAGAGCCATTtTAACCCGACCTGTGTGGCTGGGGATCAA
e x o n  1A
r r i r t r t  ^  M  ^ 1  n  «  m  ^  ^ i n  i 'n  ^  «h ^  l i  ^  n % 11GCTTCAGATACCCCATAACTCTGACTCTCAGACTGTTTTGGGGGCCCCGTGGCTGCAGACAAGGGAAGGAGGGGCACGTGA
GGGCTGGGTCCCTGCCTCCCCCCGTCCTCCGCTGTCACTCACTACCCCAACAGTCGCCCAGGG3GCGGGCCCCGGAGAGGT
1 1 9 5
GGGGATGGGGGAGGGTAATCTTGGCAGGCGCCTGCTGCATGGCGTAGGTAGGGACTATTGAGGGGGGCGGACGCCGAGGGG 
------------3 7 9 --------------- ►
GTGAACACGAGTGGGAAGCTAAGAGAGACACGGGGAGGGGGAGGGGACCGGGAACCATTTGAATGAGAGGAGGGGATCACG
GGTAGAGTGGGCTCCAGGAGGTAGGGCGAGCAGGGTGTGACGGGGGCCAGACTCTTGAGCCAGGTAAGGGGAGCAGgtgcg
t a g a t c g t g . . .
........—■ -1196 --------►
. . . ctgcgagcggcgctgCCATTTAAAGGGGCCGCGACCCCTGTCCCGGCTGCTAGGGAGGGAGGTGGAGAAGGAGCGCGG
e x o n  XB
GGCCGTCGCTGTCTGCAGTTCTAGGCTTGTAGCCTTTGCACTAACCCTGCCGCAGgtaggggtcgggcct. . .
4--------------9 6 9 -----------------
. . . actcctaatctgcagTACATATCCAGCCATACTCATGGACCCCAGTGATTTCCCCAGTCCATTTGACCCATTGACC
M D P S D F P S  P F D P L T  
CTGCCAGAGAAGCCCCTGGCTGGAGACCTACCAGTAGACATGGAATTTGGAGAGGATCTACTGGAATCCCAGACTGCCCCA 
L P E K P L A G D L P V D M E F G  E D L L E S Q T A P  
ACTCGAGGATGGGCCCCCCCTGGCCCTTCTCCATCCTCGGGAGCCCTGGACCTGCTTGATACCCCTGCTGGCCTGGAAAAA 
T R G W A P P G P S P S S G A L D L L D T P A G L E K
4________  968 -----------------
GACCCTGGAGTCCTGGATGGAGCCACTGAGTTGCTGGGGCTGGGGGGGCTGCTCTATAAAGCCCCCTCTCCCCCGGAGGTG 
D P G V L D G A T E L X j G L G G L L Y K A P S P P E V  
GACCACGGTCCTGAGGGAACCCTGGCATGGGATGCAGGAGATCAGACCCTAGAGCCTGGACCAGGGGGCCAGACCCCTGAG 
D H G P E G T L A W D A G D Q T L E P G P G G Q T P E  
GTGGTACCACCTGATCCAGGGGCTGGGGCAAATTCCTGTTCACCTGAGGGGCTACTAGAGCCTTTGGCTCCAGATTCTCCA 
V V P P D P G A G A N S C S P E G L L E P L A P D S P  
ATAACACTGCAGTCCCCACATATTGAAGAGGAGGAGACCACCTCCATAGCTACTGCAAGAAGGGGCTCCCCTGGGCAGGAG 
I T L Q S P H I E E E E T T S I A T A R R G S P G Q E  
GAGGAGCTTCCCCAAGGGCAGCCACAGAGCCCAAATGCCCCGCCTAGCCCTTCAGTGGGAGAGACTCTGGGGGATGGAATC 
E E L P Q G Q P Q S P N A  P P S P S  V ^ G  E T L G D G I  
AACAGTTCTCAGACCAAACCTGGGGGCTCTAGCCCCCCTGCACATCCTTCCTTGCCAGGAGATGGCCTGACTGCGAAGGCG 
N S S Q T K P  G G S S  P P A H P S L P G D G L T A K A  
AGTGAGAAGCCGCCTGAACGGAAGAGAAGCGAGCGCGTTAGGAGAGCAGAACCTCCAAAACCTGAGGTTGTAGATTCCACT
S e m k p p e r k r s e r v r r a e p p k p e v v d s t
GAGAGCATTCCAGTGTCAGATGAGGATTCTGATGCCATGGTAGATGACCCCAATGATGAGGACTTTGTGCCATTCCGGCCC 
E S  I P V S D E D S D A M V D D P N D E D F V P F R P  
CGGCGCTCTCCTCGCATGTCCCTACGCTCAAGTGTGTCACAAAGGGCCGGGCGCTCTGCAGTGGGCACCAAGATGACTTGT 
R R S P R M S L R S S V S Q R A G R S A V G T K M T C  
GCACATTGCCGGACACCACTGCAGAAGGGGCAGACTGCCTATCAGCGCAAGGGGCTGCCTCAGCTCTTCTGCTCGTCATCC 
A H C R T P L Q  K G Q T A Y  Q R K G L  P Q L  F C S  S S 
TGCCTCACCACTTTCTCCAAGAAGCCCTCGGGCAAAAAGACCTGTACCTTCTGCAAGAAGGAGATCTGGAACACCAAGGAC 
C L T T F S K K P S G K K T C T F C K K E I W N T K D  
TCGGTTGTGGCGCAGACTGGTTCTGGAGGCTCCTTCCATGAGTTCTGCACATCCGTCTGTCTCTCCCTGTATGAGGCCCAG 
S V V A Q T G S G G S F H E F C T S V C L S L Y E A Q  
CAGCAGCGCCCGATCCCCCAGTCTGGGGATCCCGCCGACGCTACTCGCTGCAGCATATGCCAGAAGACTGGAGAG^TCCTG 
Q Q R P I P Q S G D P A D A T R C S I C Q K T G E V L  
CACGAGGTCAGCAATGGCAGCGTGGTACACCGGCTCTGCAGCGATTCTTGCTTCTCCAAATTCCGGGCCAACAAGGGACTG 
H E V S N G S V V H R L C S D S  C F S K F R A N K G L  
AAAACCAACTGTTGTGACCAGTGTGGGGCTTACATCTACACCAAGACCGGGAGTCCTGGCCCTGAGCTCCTCTTCCACGAG 
K T N C C D Q C G A Y I Y T K T G  S P G P E L L F H E  
GGCCAACAAAAGCGGTTCTGCAACACAACCTGCTTGGGGGCGTACAAGAAGAAAAACACACG TGTG TACCCATG TGTCTGG 
G Q Q K R F C N T T C L G A Y K K K N T R V Y P C V W  
TGCAAGACCCTGTGTAAGAACTTTGAGATGCTATCACATGTGGATCGTAATGGCAAGACCAGCTTGTTCTGTTCCCTGTGC 
C K T L C K N F E M L S  H V D R N G K T S L F C S L C  
TGTACCACTTCTTACAAAGTGAAGCAGGCAGGGCTCACTGGCCCTCCCCGACCCTGCAGCTTCTGCCGCCGCAGCCTCTCT 
C T T S Y K V K Q A G L T G P P R P C S  F C R R S L S  
GACCCCTGTTACTACAACAAGGTTGACCGCACAGTCTACCAGTTCTGCAGCCCCAGCTGCTGGACCAAGTTCCAfeÍGCACA 
D P C Y Y N K V D R T V Y Q F C S P S C W T K F Q R T
a g c c c t g a g g g g g g c a t t c a c c t g a g c t g t c a c t a c t g t c a c a g c c t c t t c a g t g g c a a g c c t g a g g t c t t g g a c t g g c a £j
S P E G G I H L S C H Y C H S L F S G K P E V L D W Q
0 1 4 4
0 2 2 5
0 3 0 6
0 3 8 7
0 4 6 8
0 5 4 9
0 6 0 3
0 7 0 6
0063
0 7 6 7
0 8 4 8
0 9 2 9
1010
1 0 9 1
1 1 7 2
1 2 5 3
1 3 3 4
1 4 1 5
1 4 9 6
1 5 7 7
1 6 5 8
1 7 3 9
1 8 2 0
1 9 0 1
1 9 8 2
2 0 6 3
2 1 4 4
2 2 2 5
2 3 0 6
2 3 7 8
2 4 6 8
2 5 4 5
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GACCAAGTGTTCCAGTTCTGCTGCCGTGATTGCTGTGAGGACTTCAAGCGGCTTCGGGGTGTGGTGTCCCAGTGTGAGCAC 2 6 3 0
D Q V F Q F C C R D C C E D F K R L R G V V S Q C E H  
TGTCGGCAGGAGAAACTCTTGCATGAGAAACTCCGATTCAGCGGAGTGGAGAAAAGCTTCTGCAGCGAAG(jCTGTGTGCTG 2 7 1 1
C R Q E K L L H E K L R F S G V E K S F C S E G C V L  
CTGTACAAACAGGACTTCACTAAGAAGCTGGGCTTGTGCTGTATCACTTGTACTTACTGCTCCCAGACCTGCCAGCGCGGA 2 7 9 2
• L Y K Q D F T K K L G L C C I T C T Y C S Q T C Q R G  
GTCACCGAGCAACTGGATGGCAGCACCTGGGACTTCTGCAGTGAGGACTGTAAGAGCAAGTACCTGCTGTGGTACTGCAAfe 2 8 7 3
V T  E Q L D G S  T W D  F C S  E D C K S K Y L L W Y C K
GCTGCCCGGTGCCATGCGTGTAAGCGCCAGGGGAAGCTGCTGGAGACCATCCACTGGCGTGGGCAGATCCGTCATTTCTGC 
A A R C H A C K R Q G K L L E T I H W R G Q I R H F C  
AACCAGCAGTGTCTTCTGCGTTTCTATAGCCAGCAGAACCAACCCAACCTGGATACCCAGAGTGGGCCCGAGAGCCTCCTG 2 0 3 5
N Q Q C L L R F Y S Q Q N Q P N L D T Q S G P E S L L  
AACAGTCAGTCTCCTGAGTCAAAACCCCAGACACCCTCTCAAACCAAAGTGGAGAACAGCAACACA^TCCCTGTGAAGACC 3 1 1 6
N S Q S  P E S  K P Q T P S Q T K V E N S N T I  P V K T
CGATCAGCTCCCACTGCTCCCACCCCTCCACCCCCACCACCCCCAGCAACACCCCGCAAAAACAAGGCTGCCATGTGTAAG 3 1 9 7
r s a p t a p t p p p p p p p a t p r k n k a a m c k
C CAC T GAT G C AG AAT CGGGGCGTCTCCTG CAAG GTGGAGATGAAGTC CAAAGG AAGT CAAACA^^GAGTGGAAG GCU^ GAG 3 2 7 8
P L M Q N R G V S C K V E M K S K G S
GAG ^ TGAAGGTGAAGATCCCTTCCAACCCCTTGGAGGCCGACATCCTGGCTATGGCAGAAATGATTGCAGAGGCTGAGGAG 3521
E L K V K I P S NmP L E A D I L A M A E M I A E A E E
Y L T F V Q E L N K S L S T W | Q P T L L P N N T V F S
IIIC^GAGTGGAGGAGGAGCACCTCTGGGAGTGTAAGCAACTGGGGGTCTACTCGCCCTTTGTCCTCCTCAACACCCTCATGTTC 
R V E  E E H L W E C K Q L G V Y S  P F V L L N T L M F  
TTCAACACTAAGTTTTTTGGGCTGCAGACAGCTGAGGAACACATGCAACTCTCCTTCACCAATGTGGTGCGGCAGTCCCGC 
F N T  K F  F G L Q T A E E H M Q L S  F T N V V R Q S  R 
AAdTGT ACC ACC C CTCGGGGC AC CAC CAAG G T GGT GAG CAT C CG CTACTATG CCCCAGTCCG CCAGAGGAAAGGGCGAGAC 4 4 9 3
2954
GTGATCGTGCTGCCCATCCCAGTGCCCATCTTCGTGCCAGTGCCTATGCATCTGTACTGCCAGAAAGTCCCGGTGCCTTTq 3359
V I V L P I P V P I F V P V/. P M H L Y C Q K V P V P F
TCGATGCCTATCCCGGTGCCTGTGCCCATGTTCTTGCCCACTACCTTGGAGAGCACAGACAAGATTGTAGAGACCATTGAGI 3440
S M P  I P V P V P M F L P T T L E S T D K I V E T I ]
3 7 6 4
3 8 4 5
TTAGACAAGGCCTCATCTGACCTTTGTGATCTTGTGAGCAACCAGAGTGCAGAGGGACTCCTGGAAGACTGTGACCTGTTT 3 6 0 2
L D K A S  S D L C D L V S N Q S A E G L L E D C D L F  
GGGCCTGCTCGAGATGATGTCCTGGCCATGGCAGTCAAGATGGCCAATGTCTTGGATGAGCCTGGGCAAGACTTGGAGGCA 3 6 8 3
G P A R D D V L A M A V K M A N V L D E P G Q D L E A  
GACTTCCCTAAGAATCCTCTGGACATTAATCCCAGTGTAGACTTCCTCTTTGATTGTGGCCTGGTAGGGCCTGAGGATGTG 
D F P K N  P L D  I N P S  V D F L F D C G L V G P E D V  
TCTACTGAACAAGACCTTCCCCGAACCATGAGGAAGGGTCAAAAGCGGCTGGTGCTTTCCGAAAGCTGCTCCCGGGACTCC 
S T E Q D L P R T M R K G Q K R L V L S E S C S R D S  
ATGAGCAGTCAGCCTAGTTGTACCGGGCTCAACTATTCATATGGTGTCAATGCTTGGAAGTGCTGGGTGCAGTCAAAATAT 3 9 2  6
M S S Q P S C T G L N Y S  Y^ G V N A W K C W V Q S  K Y  
GCCAATGGAGAAACCAGCAAGGGTGATGAGCTGCGCTTTGGCCCCAAACCCATGCGTATCAAAGAGGATATTCTCGCCTGC 4 0 0 7
A N G E T S  K G D E L R F G P K P M R I K E D I L A C  
TCAGCTGCTGAGCTCAACTACGGTCTGGCCCAGTTTGTGAGAGAAATCACTCGGCCCAATGGTGAACGATATGAACCTGAC 4 0 8  8
S A A E L N Y G L A O  F V R E  I T R P N G E R Y E P D  
AGTATCTACTATTTGTGTCTTGGCATCCAGCAGTACTTGCTGGAAAATAACCGGATGGTGAACATTTTCACGGACCTTTAC 
S I Y Y L C L G I Q Q Y L L E  N N R M V N I  F T D L Y 
TACCTGACTTTTGTTCAAGAACTCAACAAGTCTCTGAGTACCTGGCAbCCCACACTCCTCCCCAACAATACGGTGTTCTCT
4 1 6 9
4 2 5 0
4 3 3 1
4 4 1 2
K C T T  P R G T T K V V S  I R Y Y A P V R Q R K G R D
ACGGGTCCTGGAAAACGGAAGAGAGAAGATGAAGCCCCTATCTTAGAGCAGCGTGAGAACCGCATGAATCCCCTCCGCTGC 4574 
T G P G K R K R E D E  A P I I 4 E Q R E N R M N P L R C
CCTGTCAAGTTCTATGAATTCTATCTCTCAAAATGTCCTGAAAGCCTCCGGACTCGCAACGATGTGTTCTACCTGCAACCT 4 655 
P V K F Y E  F Y L S  K C P E S I i R T R N D V F Y L Q P
GAACGGTCCTGCATCGCCGAGTCACCTCTCTGGTATTCTGTGATCCCCATGGACCGCAGCATGTTGGAGAGCATGCTCAAT 473 6 
E R S  C I A E S P L V f Y S V I P M D R S M L E S M L N
CGCATCCTGGCTGTGCGCGAGATTTATGAGGAACTGGGTCGTCCTGGGGAGGAAGACCTGGACTGAGCTCGTGTGCCATCC 4817 
R I L A V R E  I Y E E L G R P G E E D L D *
ATATCCATCTTTCACATCAATGTCTGTCCTGTGGCCATGTCCCTCAGGGTGACAGGCCCAGGAACCAATGCTACTCATTCT 489 8
GAAGGGCCCTGACTGCTCCTTTCCGCTCACCCATTCCCTGCCTTCTCTAGGAACCCTGGCTTTTATCTTCTTCCGTACCAC 4 979
TTGACAACCATGGGGCCCTGGTCTTCTGTACTCAGGGGCTGGTCTCCCAGTGATGGGCAAAAGCCAGCTTGCCCGTTTTCT 5060
TTATGCTTCAGAGTAAACCCCTCCTTCTGGGTCCAGACTCTGGGTGGAGTGTTAATAGCTCTGGTGATCCTGTTGGCTTTG 5141
GGTTTCCTGACCCATCCCGCATAGGTAGAGCCTCTTGTTCCTAGGCATGACCTAGGGAAAAACCCAGCTGCCTTCTCTGCC 5222
CTGTGCCCACTCCCTTCTCTACTCTTCCCCAGCACCATGCCAAAAGGTCTTATCTGAAAGGTAAGAAATAAACAATGAAAG 53 03
CGATGAGGGGACCATTTACATAAAACACAGAGCTTAGACACTCTTCCCCTCCTATGAAATAATTGGTTGTTGGCACCATCT 53 84
CACCACCGCATATCCCTCACCCCCTGGCAAGCACCAATCCTTGGTGCTGCCGTTTTTAAAATCTTCCAAATGCCTTTTTTT 5465
CCTCAGAGGCAGAGAATGACTAAGTACGGGGAGCAGACTCCTGTTGTGCAGACTCCTGTCCCCTTGGTTTCTGTGTTTGTC 554 6
TCTCTGCCATCTTAGGTTGCCATGAGCCATGGTGTCAACATGCTTAGCCCCCTCTGTAACTGCCTCCCTTTAGTTCAATGG 562 7
ACAGACCTCCCAAGGCAAAAACTACCTTCTGACTTGGGTTAGAGGCTGGGTTCCCCTCTATTGTTCCCCTATCATAAGAGC 5708
TAGGCCAAGCCTATGGGACCTTGAGTCATGCAGGATGGGATCTGTGGTCAAAGGACAGGCGAGGAGCTGTGGGCGCAGGGC 578 9
CTGCCGCCACTGCCTACATCTTCTCTCTTCCCCATCTTGCATTGGAGGTCCCAGAAAACAATTAGCTTCTGGCAAAGGGGG 5870
TACCCACTTCTTTCCCTGTTGACTTTGCTGTTTCCCAGGCTCCTTTTTGTGTTTTTATAACTGTCACCAGTTAGCCACTGT 5951
TTAAATTGTATATATTGTTCTGAGGCGCCTGGCCTGTCCCTTCAGTGAGCCATGCCCACCCTTGTGTTGTAGTGAGAAGCT 6032
GTTGTCACGACTAACCTTCTGTCTCTGAAATTGTTTGTTTCAAATAAAGAGTTAAAATTGAAAAAAAAAAAAAAAAAAAAA 6113 
ATAAAAAAAAAAA
Figure 4. Genomic and cDNA sequences of the DXS6673E gene. Genomic sequence of exons 1A, IB and part of exon 2; cDNA sequence of exons 2-25. Exon 
sequences are in upper case, intron sequences in lower case. The predicted protein sequence is given in the one letter code. The putative AUG start codons are in bold. 
The 13 bp difference in exon 1A between RT-PCR products and cDNA clone 50:11 is in bold and italics. Primers used for RT-PCR amplification and for amplification 
of the GA repetitive sequence in exon 1A are indicated with arrows and their respective numbers. Splice sites are indicated with double arrowheads while the regions 
identical to the ESTs HS21F9F (I), HS07U03 (II) and HS365200 (III) are boxed. The putative transmembrane domain is shaded.
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rearrangements associated with MR therefore, is a promising 
strategy for the identification of new candidate genes for XLMR.
Here, we have identified and characterized an X chromosomal 
gene, DXS6673E, that is disrupted in its 5' non-coding region by an 
X; 13 translocation in a mentally retarded female. The gene encodes 
two mRNAs of 6126 bp and 5538 bp, respectively and consists of
25 exons spread over approximately 22 kb of genomic DNA. It 
contains two alternative first exons both encoding a 5' untranslated 
region, which may be under the control of different tissue-specific 
promotors. Analysis of cDNA clones and RT-PCR experiments 
demonstrated that these sequences are part of the gene. Moreover, 
the splice junctions of both exons fit the consensus sequence. There 
is a 13 bp discrepancy between the cDNA clone and the RT-PCR 
product of the first exon from various tissues and cell lines at the 
splice donor site. As both variants show convincing similarity with 
the consensus splice donor site, again this may be due to alternative 
splicing. For these variants an open reading frame of 1358 aa was 
identified that starts in exon 2 and continues through all downstream 
exons. There are two putative AUG start codons at position 726 and 
807, respectively (Fig. 4). The second AUG fits the Kozak 
consensus sequence better than the first which lacks a purine residue 
at position -3 (28). Therefore, we believe that the second AUG is 
the translation initiation site. Identity was found with five ESTs when 
comparing the DXS6673E gene to the database, three of which 
(HS04328, HS448109 and HS21F9F) encode the same gene. 
Interestingly, HS21F9F was isolated by using a methylated DNA 
binding column that selects for CpG-like sequences (29). Moreover, 
this region of identity colocalizes with the breakpoint region. 
However, a CpG plot (GCG package) did not reveal the presence of 
a CpG island in exon 1A (24,30). In contrast, a 300 bp sequence 
starting in intron 1A and extending through exon IB into intron IB 
(Fig. 3) was identified that meets all criteria for a CpG island (data 
not shown). The two other ESTs may be derived from homologous 
domains of related genes. One of these ESTs, HS071103, is similar 
to the putative transmembrane domain of the DXS6673E protein 
which exhibits highly conserved stretches of neutral and 
hydrophobic residues with a proline residue on every second 
position. The two ESTs are derived from different tissues; 
HS365200 from fetal liver and spleen and HS0711023 from 
postnatal whole brain, respectively. Still, they may represent 
different parts of one gene.
Northern blots containing poly(A)+ RNA from fetal tissues 
only show one hybridization signal which corresponds to the 
length of the cDNA. As most of the clones from the fetal brain 
cDNA library contained exon IB, we assume that this signal 
represents splice variant 1B and that variant 1A is expressed at a 
low level during fetal development. Moreover, the apparent lack 
of a CpG island associated with exon 1A and the presence of an 
exon IB associated CpG island, supports the ubiquitous 
expression of variant IB and a tissue-specific expression of 
variant 1A as all housekeeping genes and only 40% of all 
tissue-restricted genes exhibit 5' CpG islands (30-32). In contrast 
to fetal RNA, poly(A)+ RNA from adult tissues yielded multiple 
hybridization signals which may represent different splice 
variants or homologous genes. The presence of different cDNA 
variants, the identity with two ESTs and a faint autosomal 
restriction fragment seen on the Southern blot (Fig. 2), can be 
reconciled with both possibilities. Although the expression of the 
gene seems to be ubiquitous, the highest expression is found in
brain and striated muscles. Hybridization of the DXS6673E gene 
to DNA from various animal species, indicates that the gene is 
highly conserved among vertebrates and suggests that it plays an 
important part.
In the great majority of females with balanced X-autosome 
ttanslocations, the non-rearranged X chromosome is preferentially 
inactivated (14,33). The same holds true for this patient as judged 
from replication studies on PBLs. Our RT-PCR experiments have 
shown that no products were generated when DXS6673E specific 
primers were used from both sides of the breakpoint, which is 
consistent with a complete inactivation of the non-rearranged 
DXS6673E allele. However, when using primer combinations 
located proximally from the breakpoint, normal gene products were 
identified suggesting that variant 1A of the DXS6673E gene is under 
the control of chromosome 13 sequences. This may also be true for 
variant 1B, as exon IB is located approximately 600 bp downstream 
from the breakpoint. Therefore, the phenotype of the patient may be 
due to aberrant temporal and spatial expression or silencing of the 
DXS6673E gene. Alternatively, the translocation may directly 
disrupt a gene on chromosome 13, may place a chromosome 13 
gene under the control of X chromosomal sequences, or indirectly 
interfere with proper expression of other genes on chromosome 13 
as a result of spreading of X-inactivation into the autosomal segment 
of the der(13). If a gene on chromosome 13 is disrupted by the 
breakpoint, the phenotype of the patient could be die result of 
haploinsufficiency (27), or if the other allele is mutated, the 
translocation may unmask its heterozygosity (34). Large deletions 
resulting in partial chromosome 13 monosomies have been 
described in a number of patients with ‘ 13q’-syndrome (reviewed in 
refs. 35 and 36) and association of these deletions with disease 
phenotypes may support the presence of genes in this region that are 
sensitive to haploinsufficiency. This syndrome includes MR as well 
as various malformations and the major manifestations in this 
syndrome seem to be associated with a deletion of the 13q32 band,
The breakpoint on chromosome 13 has been mapped between the 
loci D13S755 and D13S747 by PCR analysis of the der( 13) cell line 
(data not shown). This segment is located up to 3 centimorgans (cM) 
proximal to the endothelin receptor B (EDNRB) gene, which was 
found to be mutated in patients with Hirschsprung disease (HSCR2) 
(37,38). Although hypopigmentation is also one of the clinical 
features of HSCR2, an effect of the translocation on the expression 
of the EDNRB gene expression is not very likely. Likewise, 
inactivation of the EDNRB locus cannot be ascribed to spreading of 
X inactivation into the chromosome 13 since the X inactivation 
centre (39) is located on the der(13) and the EDNRB gene on the 
der(X). The observed cutaneous spotting may indicate that there is 
a small proportion of cells in which the der(X) is inactivated instead 
of the normal X (40). Although we cannot exclude the possibility 
that the MR in this patient is due to haploinsufficiency resulting from 
disruption of a gene on chromosome 13, the disruption of the 
DXS6673E locus remains by far the most plausible cause for MR in 
this patient. A recent overview by Neri et al (10) lists eight families 
with non-syndromic MR where the mapping interval includes the 
Xql3 band (MRX1, 4, 5, 7, 8, 12, 13 and 17). Also multiple 
syndromic types of XLMR have been mapped to the 
pericentromeric region of the X-chromosome. Mutation screening in 
these families should clarify the role of the DXS6673E gene in the 
aetiology of XLMR.
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Patient PMI; t(X;13)(ql3,q31)
Patient PMI is a mentally retarded girl carrying a de novo 
balanced X;13 translocation. She was the second of healthy 
non-consanguineous parents. At the age of 1, she suffered from 
hyperthermic convulsions. Apart from mental retardation 
(IQ<45, WISC-R scale), she suffers from scoliosis and spotty 
hypopigmentation of the skin. She also presents with slight facial 
asymmetry and clinodactily (MRX39) (15,17).
m a te r ia ls  a n d  m e t h o d s
Fluorescence in situ hybridization (FISH)
FISH procedures used were essentially as described elsewhere 
(41-43). The X chromosome centromere specific alphoid sequence 
probe pBAMX5 was labelled with Fluorolink Cy3-dCTP (BDS 
Inc., Pittsburg) while the YAC clones were labelled with 
biotin-14-dATP using a nick-translation kit (Gibco, Life 
Technologies). 200 ng labelled YAC probe was dissolved in 6  jlxI of 
a hybridization solution containing 50% v/v deionized formamide, 
10% w/v dextran sulphate, 2x SSC and 1% v/v Tween-20 at pH 7.0 
as well as 10 mg Cot-1 DNA (Gibco, Life Technologies). Prior to 
hybridization, the probe was denatured at 80 °C for 10 min, chilled 
on ice and incubated for 30 min at 37 °C allowing preannealing. For 
the pBAMX5 probe, 20 ng of DNA was used in 6 \i\ of the 
hybridization solution without competitor DNA. Metaphase spreads 
were prepared using standard procedures. After denaturation of the 
slides, probe incubations were carried out under an 18x18 mm 
coverslip in a moist chamber for 45 h.
Immunocytochemical detection of the hybridizing probes was 
achieved as described elsewhere (41-43).
YAC clone and construction of a cosmid contig
I s
YAC y WXD940 is a 350 kb YAC containing the CCG1 gene (20). 
Yeast cell culturing and DNA isolation were done as described 
elsewhere (44). A partial cosmid contig from YAC yWXD940 
was generated essentially as described elsewhere (45).
Southern blot analysis
Methods employed for the isolation of high-molecular-weight 
DNA, restriction-endonuclease digestion, as well as separation 
and blotting of DNA fragments have been described elsewhere 
(45). Hybridization of the cosmid inserts in the presence of excess 
human competitor DNA was done essentially as described by 
Blonden et a l (46). Hybridized filters were washed at 65 °C with 
40 mM Na2HP04 (pH 7.2)/0.5% (w/v) SDS for 3x5 min and 
1x30 min. Autoradiography took 4-16 h at -70°C using two 
intensifying screens.
Northern blot analysis
Fetal and adult multiple tissue northern blots (Clontech) were 
hybridized in a solution containing 5x SSPE, I Ox Denhardt’s 
solution, 100 mg/ml herring sperm DNA, 50% formamide and 
2% SDS for 18 h at 42° C after prehybridization for 3 h under the 
same condidtion. Hybridized filters were washed 30 min in 2x 
SSC, 0.05% SDS at room temperature and 30 min at 50°C in 0. lx 
SSC, 0.1% SDS. Autoradiography took 16-40 h at -70°C using 
two intensifying screens.
cDNA screening and sequence analysis
A AZapII human fetal brain cDNA library (Stratagene) was 
screened by standard methods (47) and Bluescript KS(+) 
plasmids containing cDNA inserts were isolated by in vivo 
excision according to the manufacturer's instructions.
Double-stranded sequence analysis was performed on DNA 
isolated from the cDNA clones and on PCR amplified DNA 
products using T3 and T7 oligonucleotides as well as 
gene-specific oligonucleotides (Isogen Biosciences, the 
Netherlands). Plasmid DNA was isolated using a Qiaprep 8 kit 
(Qiagen) while PCR products were first separated on an agarose 
gel and isolated with a gel extraction kit (Qiagen). Sequence 
analysis was performed radioactively with the T7 sequencing Kit 
(Pharmacia Biotech) and, in addition, with the Taq DyeDeoxy 
Terminator Cycle Sequencing Kit (Applied Biosystems) on an 
Applied Biosystems 373A DNA sequencer according to the 
manufacturer’s instructions.
RT-PCR analysis
Total RNA was isolated from EBV-transformed cell lines, fetal 
brain, adult muscle and liver with RNAzol according to the 
manufacturer’s instructions (Cinna Biotecx). For synthesis of 
cDNAs, 200 ng of total RNA was reversed transcribed with MMLV 
reverse transcriptase essentially as described elsewhere (48). The 
cDNA products were directly used as template for PCR 
amplification in a buffer containing 10 mM Tris, 50 mM KCl, 0.01 % 
gelatine, 2 mM MgCl2 (DXS6673E) or 3 mM MgCl2 (SMCX), 10 
mM dNTPs, 250 ng of each oligonucleotide 2,5 Taq DNA 
polymerase (Perkin Elmer). Amplification was done in 30 
tDXS6673E) or 35 (SMCX) cycles of 1 min 94° C, 1 min 60° C and
1.5 min 72°C. Inactivation studies of the DXS6673E gene were 
done with primers 973 (5'-TGCTCGTCATCCTGCCTCAC-3') 
and 974 ( 5 AC ACTGGTC AC A AC AGTT GG-3 0 amplifying 380 
bp from exons 5 and 6. For expression studies of exon 1A the 
following primer combinations located on both sides of the 
breakpoint were used: primers 736 (5'-AGACAAGGACAG~ 
AAAGGGGG-3') and 968 (5'-CC AGC AACTC AGTGGC- 
TCCA-3'), followed by a nested PCR with primers 900 
(5 '-TTACT GC AC AGG CGTT GCC A-3') and 969 (5'-GGGTCCA- 
TGAGTATGGCTGG'3') amplifying 490 bp of exon 1A and exon 
2. Additionally, exon 1A sequences located proximally from the 
breakpoint were amplified with the primers 1195
(5'-CTGCATGGCGTAGGTAGGGA-3') and 968 followed by a 
nested amplification with the primers 379 (5'-GGTGAACACGA- 
GTGGGAAGC-3') and 969 (184 bp). Expression of exon IB was 
studied with the primers 1196 (5'-CTGTCCCGGCTGCTAGG- 
GAG-37) and 968, amplifying a product of 356 bp. Amplification of 
SMCX cDNA was done with the oligonucleotides S40HX 
(5/-GAAGGTGGAGTCAACATCGCCT-3/) and S41HX (5'-AG- 
CC ATC AC AC AGC AGG AGC-3') (26).
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